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Abstract Hncrgy levels between the ground and the various excited slates, oscillator strengths and transition probabilities for all dipolc- 
allowcd transitions among the 24 LS target slates 35 (^'.S), 3 .v3/7(‘V**'). 3/r('.S’.V^'/3), 3.v4a('\V). ' VA ' 354/7(‘’O .
3j4i/(' 73). 3.t4/(‘ 3/>4r(' /^*“) of S I arc calculated using program CIV3 of Ilibberi Lxtensive conliguration-intcraction target wave
functions are used in the calculation. From our transition probabilities, we have also evaluated radiative lilciimes of singlet and triplet stales in 
S t' Our calculated energy values, oscillator strengths and lifetimes arc compared with the experimental and other theoretical results
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1. I n t r o d u c t io n
E m issio n  lin e s  d u e  to  S V io n s  h a v e  b een  d e te c te d  in th e  
u ltrav io le t (U V ) sp e c tra  from  th e  lo  p la s m a  to ru s  in the  
m a g n e to sp h e re  o f  Ju p i te r  d u rin g  th e  V o y a g e r  I e n c o u n te r
[1,2]. S p e c tra l lin e s  d u e  to  a llo w e d  an d  se m i-fo rb id d e n  
tran sitio n s  b e tw e e n  le v e ls  in S K h a v e  a lso  b een  o b se rv ed  
in the  U V  an d  X -ra y  re g io n s  o f  th e  so la r  sp e c tru m  [31. T he  
em issio n  lin es in  th e  w a v e le n g th s  re g io n  fro m  1 1 0 0 -2 0 0 0  
A in th e  so la r  sp e c tru m  a re  re c o rd e d  b y  th e  N R L  n o rm a l-  
in c id en ce  s lit sp e c tro g ra p h  (S 0 8 2 -B )  on  S k y la b  [ 4 - 6 ] .  
Jo e lsso n  el al [7 ] h a v e  o b se rv e d  th e  sp e c tra  fro m  slid in g  
spark  an d  b e a m -fo il so u rc e s  o v e r  th e  1 8 7 -6 7 2 9  A reg io n  and  
c la s s if ied  so m e  3 8 5  lin e s  a s  S tra n s it io n s . A c c u ra te  a to m ic  
d a ta  such  as  a b so rp tio n  o s c i l la to r  s tre n g th s  an d  tran sitio n  
p ro b a b ili tie s  in  S F  a re  u se fu l in m a n y  a s tro p h y s ic a l 
stu d ies  an d  a re  a lso  n e e d e d  fo r so la r  an d  s te lla r  ab u n d a n c e  
c a lc u la tio n s  [8 ].
M o st o f  th e  e x p e r im e n ta l a n d  th e o re tic a l dk ta  a v a ila b le  
in th e  lite ra tu re  a re  lim ite d  to  a llo w e d  tra n s it io n s  in v o lv in g  
the few  lo w est s ta te s  in L S  c o u p lin g  sch em e. T h e  ex p erim en ta l 
o sc illa to r  s tre n g th s  a n d  li fe t im e s  in S  l^ h a v e  b een  m e a su re d  
by sev e ra l w o rk e rs  [ 9 - 1 1 ]  u s in g  b e a m -fo il te ch n iq u es . 
T h e o re tic a lly , C ro s s le y  a n d  D a lg a m o  [1 2 ] re p o rte d  th e  
o sc illa to r  s tre n g th s  a n d  life tim e s  fo r  few  d ip o le -a llo w e d  
tran sitio n s  in S  V. V ic to r  el al[\  3 ] p e r fo rm e d  a  co n fig u ra tio n -
in te rac tio n  (C l)  c a lc u la tio n  o f  o sc illa to r  s tre n g th s  in th e  M g 
isoc lec trom c sequence, w ith in  a sem iem p irica l m o d e l po ten tia l 
f ram ew o rk  V an  W y n g aa rd en  and  H en ry  [14] u sed  C l ta rg e t 
w av e  fu n c tio n s  and  re p o rte d  th e  o sc illa to r  s tre n g th s  an d  
co llis io n  s tren g th s  for th e  firs t fo u r U V  lines.
R ecen tly , G u p ta  an d  M sezan e  [15] c a lc u la te d  e n e rg y  
levels, o sc illa to r  s tren g th s , an d  tran sitio n  p ro b a b ili tie s  fo r  all 
d ip o le -a llo w e d  tra n s itio n s  a m o n g  th e  25  low  ly in g  lev e ls  o f  
S IV in LS co u p lin g  sch em e  u s in g  th e  C IV 3  c o m p u te r  co d e  
o f  H ib b ert [16]. In th is w o rk , w e  hav e  ex ten d e d  o u r ca lcu la tio n  
o f  th e se  p a ra m e te rs  fo r a ll d ip o le -a llo w e d  tra n s it io n s  a m o n g  
th e  24  te rm s b e lo n g in g  to  (1 a'^2.v"2/?^')3.v^  3.y3/?, 3s3d, 3p ,^ 
3p3d, 3.v4.v, 3.v4/?, 3.v4c/, 3s^f an d  3pAs c o n fig u ra t io n s  o f  
S V. W e in c lu d ed  a fa irly  large  n u m b e r o f  c o n fig u ra tio n s  
w ith in  th e  Al 5 co m p le x  in th e  C l e x p a n s io n . T h e  ra d ia tiv e  
life tim es o f  s in g le t an d  tr ip le t s ta tes  in S K are  a lso  c a lc u la te d  
from  o u r rad ia tiv e  d ecay  ra tes .
2. C h o ic e  o f  w a v e  fu n c t io n s
T h e  ion ic  s ta te  w av e  fu n c tio n s  o f  each  o f  th e  2 4  L S  ta rg e t 
s ta te s  3s3d{'-^D),
3j 4 s( '- \S ), 3pM'-^P*‘> 3 s4 y j( '-^ /^ ). MdC'^D),
3A'4/(* -’f  an d  3/t4 j ( ’ -^ /^ ) o f  S V  a re  w rit te n  in  te rm s  o f  C l 
e x p a n s io n s
M
(LS/r) = ^a ,<p ,{a ,LSn),
(=1
(I)
©  2 0 0 1  lA C S
24 a  P (iuptct and A / Msczcinc
w here each  s in g le -c o n llg u ra tio n  fu n ctio n  (f), is c o n s tru c te d  
from  o n c-c Icc tro n  o rb ita ls  w h o se  a n g u la r  m o m en ta  are  
co u p led  to  g ive  to ta l A, S and  n: M is the n u m b e r o f  
c o n llg u ra tio n s  and (z, sp ec ilie s  the an g iila r m o m en tu m  
c o u p lin g  sch em e o f  the /-th co n fig u ra tio n . The rad ia l p a rts  
o f  the o n e-e lec tro n  fim clm iis a ie  e sp re sse d  in an a ly tic  fo rm  
as a sum  o f  S la lc r-ly p e  o rb ita ls
I’nl (2 )
I I
fh e  p a ram e te rs  t a n d  p, in eciualion (2 ) are d e te rm in e d  
v a ria lio n a lly  as d e sc r ib e d  by I lib b e rl | I 6 | .
In o u r c a lc u la tio n  w e used  the I S o r th o g o n a l o n e -e le c tro n  
o rb ita ls  l.s, 2s, 2/^  rv, 3/^, 3(/, 4v, 4 /^  4i/, 4 /, 5p, 5d, 5 /
and out ol w h ich  tlu* lu s t lo u r rad ia l iu n c tio iis  a re  tak en  
as the I la rlree -l ock o rb ita ls  ol the g ro u n d  sta le  ( fs-2s 2 / / ’)3.s 
( '.S ') o f S  r  g iven  by n e m e n l i  and  K oelli [17) fh e
4.V, 4 /^ 4 r /a n d  4 /  fu n c tio n s are ch o sen  as sp e c tro sc o p ic - ty p e  
o rb ita ls and are o p tim i/e d  on th e  ex c ited  s ta les  3.s^/>(7/^), 
3 s 3 ^ /(7 ) f  3.s4.v(\V), 3.v4/)( 7 ’^ *), 3,s l7 (V ^) and  3 .s4 /(7-" '), 
re sp ec tiv e ly  In o rdei It) le p re se n l all the e n e rg \  leve ls by
lal)le I. kadi.il Ium(.iiom lv>i oplimi/L-d otlnl.iK ol S I
a s in g le  se t o f  o rth o g o n a l fu n c tio n s , w e  h a v e  c h o s e n  th e  5J, 
5/7, 57 , 5f  an d  5g o rb ita ls  a s  c o rre la t io n - ty p e  o rb ita ls  a n d  
o p tim iz e d  th em  on  th e  3 7 4 7 ( ‘ D ) , 3 p 3 d C D %  3 p 3 d ( ^ f ^ ) ,  
3 p 3 d C i f )  an d  3 .v37('/^ ’) s la te s , re s p e c tiv e ly . In a ll c a se s  w e 
ch o se  k /? - I so  th a t th e  c o e ff ic ie n ts  C, a n d  u n iq u e ly  
sp e c if ie d  by  th e  o r th o g o n a li ty  c o n d it io n  o n  P,,/. T h e  
p a ra m e te rs  o f  th e  o p tim iz e d  rad ia l fu n c tio n s  a re  d is p la y e d  
in fa b le  I fh e  c o n v e rg e n c e  o f  C l e x p a n s io n s  is te s te d  up  
to  iw o -e le c lro n  e x c ita tio n  fro m  th e  b as ic  c o n f ig u ra t io n s  u sed  
in th is  c a lc u la tio n . W e c o n s id e re d  c o n f ig u ra t io n s  w ith in  th e  
n 5 c o m p lex  m th e  C l e x p a n s io n  to  e n su re  c o n v e rg e n c e . 
I hcse  C l w a v e  fu n c tio n s  a re  u sed  to  c a lc u la te  e n e rg y  lev e ls , 
o sc illa to r  s tre n g th s , an d  ra d ia tiv e  tra n s it io n  p ro b a b ili tie s .
Ih e  ra d ia tiv e  life tim e  o f  an  e x c ite d  s la te  is c a lc u la te d  
from  ra d ia tiv e  tra n s it io n  p ro b a b ili tie s  A,, u s in g  th e  re la tio n
/V  A„ (3 )
< lihitals
3/> 0 ? I()S? Id d 170177 1
w h ere  th e  sum  o v e r  / is o v e r  all a c c e ss ib le  fin a l s ta te s .
3 . R e s u lts  a n d  d is c u s s io n
3 I 77/(//gv /(n'(7,v \
In T a b le  2, w e p re se n t o u r  ah itniio e n e rg ie s  o f  th e  2 4  lo w - 
ly ing  lev e ls  re la tiv e  to the  g ro u n d  lev e l. T h e se  a re  c o m p a re d  
w ith the e x p e rim e n ta l re su lts  o f  Jo e ls so n  c l al [7] c o m p ile d  
b \ M arlin  d  al [ I8 |.  fh e  e x p e r im e n ta l re su lts  o f  M o o re  1 1 )^]
1 0 ? 1 7 27XXXSI 1 able 2. t'aluilali-cl aiul experimental eneri!\ levels (in h u ) of S f
1 OllOOOdO 7 01.4 701-4
iilc\ 1 c \d Oresenl l.xperimcnl Other theory
M/M MR Wll iJk
h 0 07SS_’d| 1 17 X^O.IMd 1 u ’ 'S 0 0000 0 0000 0 0000 0 0000 0 0000
0 lX.noSd 0 4741 0 4817 0 3810 0 300d 0 n 5 o
1 ()T':Sd70 7 U707XI l/.n 0 SX4o 0 S704 0 5704 0 5847 0 5847
1 4SSd7).S I d tx \ 1 V'* '/) 0 X744 0 8827 0 8772 0 8052 0 87SO
0 1 010^7(1 1 (, 70d4-US s 'r 0 0001 0 0 147 0 0150 0 0015 0 0133
1 0>SI7 1 7601240 0 Is 4c/ ’/) 1 0022 1 0705 1 0708 1 0075 1 0789
1 0SS4d40 1 Sdl35dd 1 3/'- '.V 1 0744 1 0724 1 0781
X A) I .2448 1 2444 1 2816<\ll 0 S^ M’lO .1 1 0^4O.V>
1 1 1 1000040
4 s 4 s \s 1 4000 I 4197 1 4202 1 4106
10 '.s 1 4M7 1 4585
V 1 ()(*0fi00d -1 1 27X0410 11 ,4/)4r/ 1 4501 1 4748
0 7 UilSSS 1 12 0720SOO 12 1If 1 4844 1 4005
 ^ oo^xn^ ■>  ^ 42.S0202 14 1 5040 1 5744
'' u,70 0i‘) 1 ISIOXIh 14 1Af 1 ^765 1 5858
\ 7 7 0 'd ^ 1 1 7 ^dlXSOO \> is4/> )/i'i 1 S70S 1 5017
 ^ 1 I K /’OI s :• 1IXI4IS 10 l/rn 1 SXI 1 1 5020
7 ' 7 hi) IS ’.dS ) 7 Ulo.sox 17 V?4c/ '/■" 1 0045 1 071 5
U '/X U ’’.7(1 2. UM72 4.4 IX 1 /!<) 1 7204
07 ooxson 4 7 I0n7S5 10 1s4r/ A) 1 7020 1 8045
()7 ‘r u o p o ■s '' -U.^ons 20 A) 1 704/8 1 8110
Sr/ 0 dSdS.SOl  ^ 2U7.2X7 21 4.S 4/
•/.<’ 1 8575 1 8724
12 SO.U77S -I 1 4d()dS20 22
1i/j) L8052 1 0045
\1 SOOlddl s 1 XI17120 2.4 4/74 V \p) 1 0081 I 0206
5/ I rt777M -4 2,2.S7XSS7
24 1I/.0 I 0480 1 0343
00271017 s 1 SU)12S0 M/M 1 xpciiniL'iilal rcsulls ot Joelsson et al [7] compiled by
1 ooooodd * 040070K
Marini al |tS f  MR Mooic |1^), Wll Wyngaarden and Henry [14J, 
DK Dullon and Kingslon 120|
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and the calculated energies of Van Wyngaarden and Henry and Kingston [20] agrees with our calculation while the
[14] and Dufton and Kingston [20] are also presented for 
comparison. It is seen from the table that the two experimental 
results are very close to each other and the ordering of our 
calculated excitation energies is the same as that of the 
experimental data. Our energy values agree to better than 1% 
with the measured values, except for the “^ sIpi^F )^ state 
where the difTerence between our calculated value and the 
experimental result is 2%. For this level, the result of Dufton
calculation of Van Wyngaarden and Henry [14] differ 
significantly with the other theoretical and experimental 
results. For other levels, the calculations of Van Wyngaarden 
and Henry [14] and Dufton and Kingston [20] agree 
reasonably well with the other results. It may be worth 
mentioning that we found a strong mixing between the 
3s3d('D) and 3p (^‘D) as well as the 3.t4/'/^) and 3p3d('F^ 
states.
Table 3. Transition probabilities and oscillator strengths for allowed transitions in S V
Transitions from 
lower to upper level
Present calculation Experiment Other calculations^
f i  /v
3A'S) - 5.2607-^09 1.4422 1.4634 1.06 ± 0  08* 1 4380
1 41 ±0 10'’ 1.360
1 460"
2 3 9 1 6 0 9 0.0893 0 0880 0 1370
3p3d(';^) 9.0820 + 07 0 0028 0.0022 0.0014
3p4j('/>*) 3.4294 + 06 0.0001 0.0000 0.0091
3i3/H'P")-3p’(‘0) 1.6285 + 08 0 .10 20 0 0993 0 .10 20
3p^'S) 4 3290 + 09 0 1864 0 2040 0 1800
3J3^/('0) 1.1783 + 10 1.4413 1.4925 091 ±0 14* 1.3360
1 24±0.14‘ 1 380
3j4i( '5) 6 1843 + 09 0 0851 0 0808 0.0725
3i4</('D) 2 8071 +08 0.0098 0 0036 0.0043
3p^ 'D )-3p34 '0") 5,1379 + 09 0 4270 0.4551 0.3990
3i4p(‘/ ^ 1.7639 + 09 0.0654 0 0706 0 0674
3/»3</(‘^ ) 9,7766 + 09 0 6790 0 6996
3p3d('P“) 2 5606 + 06 0.0001 0.0000 0.0000
3i4yl'f«) 3 9668 + 08 0.0165 00173
3p4j('/’®) 6.8521+09 0.1124 0 1086 0 1130
3/i^'S)-3j4p('/>^ 1 4343 + 08 0 0522 0 0572 00610
3p3«/('/>“) 7.1291+09 1.5662 1 6524 1 5300
3p4i('A>") 1.3608 + 09 0 1701 0.1829 0.1300
3i3d('D) -  3p34'D*’) 6.2341 +07 00314 0.0295 0 0304
3.i4p('/>“) 6.6185 + 08 0 1031 0.1041 0.0998
3p3d(‘f ^ I.47I4 + 09 0.3489 0.3791
1.8517 + 09 0 1431 0.1566 0 1420
3 i4 /'/^ ) 1.2349+ 10 1.2338 1.2386
3p4i('/^) 1.9227 + 09 0.0725 0.0716 0.0465
3j4j( '5 ) -3 j4p ( '/^ ) 1 0892 + 08 0.6068 0.6820 0.6610
3p3d('/^) 3.4344 + 07 0.0425 0.0530
0.0354
2.6086 + 09 1.0273 1.0512 1.0900
3p3d('/)®)-3j4d('D) 1.1347 + 06 0.0004 0 0008 0.0005
3i4p('P»)-3,4d('0) 7.9608 + 08 0 8638 0 8361
0.8690
3p3d(‘f« )-3 i4d ( '0 ) 4.4035 + 07 0.0527 0.0536
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3/;3r/('/’‘') -  3.^4c/(^3) 
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1 1625 + 09 0.0300
5 2913 + 09 0 3841
9.4067 + 09 I 0955
1 1259 4 07 0 0008
6 1289 < 09 0 1911
7 0776 + 08 0 1958
2 4004 + 09 0 1781
2 0854 + 0 9  0 2454
I 2936 + 09 0 0903
12868  + 1 0  0 8867
5 2343 + 07 0 0014
1 1863 + 06 0 0046
3 0447 + 08 0 9778
2 1406 + 09 0 8022
6 5368 + 07 0 0131
5 6930 4 06 0 0057
14567  + 05 0 0001
7 9767 + 08  0 9160
2 4345 + 07 0 2474
5 1670 + 05 0 0007
a Irwin and Livingston [101, b Berry et al [9j, c D um ont et al 
+ Victor e / f l / 1 13)
3.2 Oscillator strengths and radiative decay' rates :
In T able  3, we h?ve listed  o u r rad ia tiv e  d ecay  ra tes in the  
length fo n n  Aj and  the ab so rp tio n  o sc illa to r s tren g th s  in both  
length  // and v e lo c ity /,, t 'o rm ulations fo r all d ip o le -a llo w ed  
tran sitio n s am o n g  the 24 LS levels. A v ery  g o o d  ag reem en t 
be tw een  th e  length  and ve lo c ity  va lu es o f  th e  o sc illa to r 
s tren g th s fo r m o st tran sitio n s , to  so m e ex ten t, ind ica tes  the 
h igh  q u a lity  o f  o u r w av e  fu nctions used  in ca lc u la tin g  th ese  
p aram eters . T he  ex p erim en ta l resu lts  are  av a ilab le  fo r  o n ly  
a few  tran sitio n s  and  there  are co n sid e rab le  d iffe ren ces
Experiment
0 35 ±0.02* 
0 1510.20*’ 


















































Crossley and Dalgamo [12],
among the experimental data for these transitions. For the 
transitions 3A'S)-3s3p('p°) and 3s3p('f^)-2s3dCD) our 
calculated values are closer to the experimental results of 
Berry et al [9] and Dumont et al [11], while for the 
3s3/K^/^)-3/7^(’P) and 3s3pCP'')-3s3cK^D) our values are 
closer to the experimental results of Irwin and Livingston
[10]. Our results for these four transitions are in good 
agreement with the other theoretical calculations. For the rest 
of the transitions, our results are compared with the theoretical 
values of Victor et al [13]. The two calculations agree well
Energy levels, oscillator strengths and Hfetimes in Mg-like sulphur 27
for almost all the strong transitions, but differ significantly 
for a few weaker transitions.
3 3. Lifetimes :
In Table 4, we present our calculated radiative lifetimes 
[using equation (3)] for singlet and triplet states. These are 
compared with the experimental results o f Dumont etal[\\] 
and Irwin and Livingston [10] and the other theoretical 
calculations o f  Crossley and Dalgamo [12] and Victor et al
[13]. Lifetimes for the 3p3d('£)“), 3p3d(’P“), 3p3d(’D“) and 
'is p^Cl )^ states are also calculated to make these compatible 
with the experimental results. From the table it is seen that 
our calculated values are in good agreement with the 
experimental results, except for the 3.v3/t( '/^ ) ,  3/?3d(‘D®) 
and 3p^(V) states where our results are within 30%, 25%
Tibic 4 .1 .iretimes (in nuioseconds) uf singlet and triplet states in S I’. 
Upper slate Present^
and 26% respectively, with the experimental data. Further, 
for the 3 /? V ^ )-3 p 3 d (V ) transition our calculated lifetime 
agrees reasonably well with both the experimental results 
while for the 3A'3p(^D)-3/73d(^P”) the difference is a factor 
o f 2 between our data and those o f Irwin and Livingston [10]. 
Our calculated values agree very well with the theoretical 
results o f Crossley and Dalgamo [12] and Victor et at [13], 
except for the 3p3d(^f^) state where our result agrees well 
with the experiment but differs with the calculation of 
Crossley and Dalgamo [12].
4. Conclusion
In conclusion, we have presented an extensive Cl calculation 
o f energy levels between the ground state and the various 





is lp iY ) 0.1901 0.2801 0.01 0.26310 018 0.200 0.200
- V ( 'o ) 6.1406
3p^ ('5') 0.2310
isM'D) 0.0849 0.09810 01 0 13010.020 0 105 0.088
3.v4,t('S) 0 1617
0 1923 0.230 0.210






ilA s{Y) 0 0784
VCP) 0.2235 0.28010.03 0 32010.020 0 240 0240
hidCD) 0 l.‘;03 0 .2 0 0 10  008 0 17210.014 0 150 0160
0.0995
3p3d('/'“) 1 4129 1 2 1 0 2 1.000
3 p 3 4 ’ /^ ) 0 1300 0140 0.130
'%1890*2 0 1410 02 0 20010.030
04166*^ 0 26010.040
ipidClf) 0 0870 0090 0.090
0.1063** O.IOlOOl





*X3B : Dumont et al [II], IL . Irwin and Livingston [10), CD : Crossley and Dalgamo \\1], VSL Victor ei al [13], + Results calculated 
using equation (3), *1 : Results for transition }p\^D) - 3p3d('/)°), *2 : Results for transition }p\^P) - 3p3d(^ P®), *3 Results for transition 
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probabilities For all dipole-allowed transitions among the 24 
terms arising from the terms belonging to the (
3s3p. 3j3J, 3p^ 3p3</. 3s4s, 3s4p, 3s4d, 3j4/and 3p4i- 
configurations of S V. Program CIV3 of Hibbert [16] has 
been used for the calculation. As seen in Table 2, our ab nitio 
energies are in excellent agreement with the recent 
measurement of Joelsson et al [7J for all the excited states. 
Also a very good agreement between the length and velocity 
values of our oscillator strengths for most transitions is 
indicative of the overall accuracy of wave functions used in 
this calculation. Generally, our results agree reasonably well 
with those from the experiments and the other theoretical 
calculations. The results presented in this work are quite 
extensive and include the important correlation effects in the 
excitation to the 5g orbital. We believe that our results would 
be useful in many astrophysical applications.
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